m-Chlorophenylpiperazine (mCPP) is a mixed serotonin agonist/antagonist used extensively in psychiatric research. Alcoholics show blunted neuroendocrine responses to mCPP, and in some settings mCPP can induce craving for alcohol, particularly among early onset alcoholics. We used 2-[
m-Chlorophenylpiperazine (mCPP) is a metabolite of the antidepressant trazodone that possesses agonist properties at some 5-HT receptors and antagonist properties at others. It has highest affinity for the 5HT 2C receptor, where it acts as a partial agonist (Sanders-Bush and Breeding, 1990) . It also binds to the 5HT 3 and 5HT 2A receptors, where it acts as an antagonist. In addition, mCPP binds to the 5HT 1A , 5HT 7 , and 5HT 6 receptors but with an affinity more than an order of magnitude lower than its affinity for the 5HT 2C receptor (Hoyer, 1988; Hamik and Peroutka, 1989; Schoeffter and Hoyer, 1989) . Despite its nonspecific pharmacology mCPP has been used extensively in psychiatric research to gauge the sensitivity of the serotonin (5-HT) system of the brain.
Recently, our group (Benkelfat et al., 1991) as well as Krystal et al. (1994) reported that when mCPP is administered to alcoholics it induces a "craving" for alcohol. This effect appears most dramatically among early onset or type II alcoholics. In addition, both we (George et al., 1997) and Krystal et al. (1996) found blunted cortisol and adrenocorticotrophic hormone (ACTH) responses to mCPP among alcoholics. The blunted ACTH and cortisol responses seem consistent with a reduced sensitivity to 5HT 2C agonists among alcoholics. However, if alcoholics are less sensitive to 5HT 2C agonists, then why does mCPP produce a more intense and qualitatively different subjective response (craving) among some alcoholics?
The combination of blunted neuroendocrine responses and more intense and qualitatively different subjective responses is not unique to alcoholics. There are several reports of blunted neuroendocrine responses to mCPP among individuals with other psychiatric disorders. In contrast to blunted neuroendocrine responses, subjective responses to mCPP often are more pronounced among individuals with psychiatric disorders (for review, see Kahn and Wetzler, 1991) . There is some controversy as to whether the more dramatic subjective responses among psychiatric patients result from greater anxiety that follows mCPP or from a specific exacerbation of the primary psychiatric symptoms of the particular disorder (presumably mediated via a specific serotoninergic mechanism). Nevertheless, subjective responses to mCPP often seem to be similar to the primary psychiatric symptoms of the subjects being studied.
The purpose of this study was twofold. First, we hoped to characterize the effect of mCPP administration on the regional cerebral metabolism of glucose (CMRglc) among healthy male volunteers. Second, we hoped to compare the CMRglc that follows mCPP among alcoholics and healthy volunteers to determine which, if any, brain regions responded differently. In addition, we measured the changes in prolactin and ACTH after mCPP so that this study could be compared with the many studies that have measured endocrine responses to mCPP. Finally, we examined subjective ratings of emotional responses to mCPP in both groups to determine whether "craving" for alcohol could be induced pharmacologically in a nuclear medicine setting and whether subjective reports of feeling states and neuroendocrine responses were associated with a specific pattern of regional CMRglc responses.
MATERIALS AND METHODS
To measure the effects of mCPP on global and regional cerebral metabolism of glucose (CMRglc), healthy male volunteers (N 1 ϭ 12) and abstinent male alcoholics (N 2 ϭ 18) received two sequential 2-[
18 F]-2-deoxy-D-glucose positron emission tomographic ( 18 FDG PET) scans during a single-blinded, placebo-controlled, intravenous (IV) mCPP (0.08 mg/kg) challenge.
Subjects. All subjects provided informed consent and were screened with the Structured Clinical Interview for the Diagnostic and Statistical Manual Volume III-R (DSM III-R; American Psychological Association, 1990) for Axis I and Axis II psychopathology. Alcoholic subjects met DSM III-R criteria for alcohol dependence and had been hospitalized for at least 3 weeks on the alcohol treatment unit of the National Institutes of Health Clinical Center. They had no current Axis I psychiatric disorder other than alcohol dependence. Healthy volunteers and their first degree relatives had no past or present Axis I psychopathology. Alcoholic subjects and healthy volunteers were found to have no abnormalities on medical history; physical examination; ECG; electrolyte; hepatic, mineral, and thyroid laboratory panels; and CBC. In addition, alcoholic subjects were administered the Michigan Alcoholism Screening Test (MAST; Selzer, 1971) . Information on recent and past alcohol consumption, as well as alcohol-related behavior, was obtained from structured research questionnaires (Eckardt et al., 1978) . All subjects had negative urine drug screens on admission and negative breath alcohol tests throughout their hospitalization (alcoholic subjects) or at each outpatient visit (healthy volunteers). Alcoholics were divided into type I (late onset) and type II (early onset) alcoholics, using the criteria developed by von Knorring et al. (1985) . Table 1 shows a summary of the clinical characteristics of the alcoholic subjects.
Subjects ate a low-monoamine diet for 3 d before the scan and had a light meal 3 hr before the scan. The goal of this dietary regimen was to control the dietary intake of tryptophan and tyrosine, as well as to keep the subjects' blood sugar constant and within normal range throughout the scan.
Scanning procedure. Each subject underwent two sequential 18 FDG PET scans on the Scanditronix 1024-7B scanner at the National Institutes of Health Department of Nuclear Medicine. This scanner acquires a volume of PET data consisting of 21 axial images. These 21 images are acquired as three sets of seven interleaved slices. Each set of slices is acquired over 10 min; thus the entire scan requires 30 min. The scanner has a 7 mm full width at half-maximum (FWHM) in-plane and an 11 mm FWHM axial resolution. Slice separation is ϳ3.6 mm. A filtered backprojection method was used to produce image matrices of 128 ϫ 128 pixels each, with a size of 2 ϫ 2 mm. The total time that the subject was lying on the scanner table was 2 hr and 20 min.
The PET scanning sessions proceeded as follows: a radial arterial line was placed in all subjects under local anesthesia with 0.1% lidocaine. An IV line was placed in the antecubital vein of the opposite arm. The subject then reclined on the scanner table in the supine position. To limit head motion, we fit a thermoplastic mask to the subject's head and attached it to the scanner table. The axial plane of the PET scan camera was aligned to the subject's head at the cantho-meatal line, and an attenuation correction (transmission) scan was performed. The subjects' eyes were covered, and they were asked to remain quiet, awake, and at rest and to attend to their feelings and sensations during the scan. Serial blood samples for ACTH, prolactin, and time-radioactivity quantifications were drawn from the radial artery.
18 FDG, placebo, and mCPP were administered through the IV line.
The sequential FDG/PET methodology has been described previously (Brooks et al., 1985 (Brooks et al., , 1987 Chang et al., 1987 Chang et al., , 1989 Duara et al., 1992) . First, an attenuation correction scan was performed (transmission scan). Then the subject received 20 cc of normal saline (placebo for mCPP) over 90 sec, which was followed immediately by 3 mCi of 18 FDG in 9 cc of solution infused over 60 sec. Placebo was always administered first. Serial arterial blood samples were taken to construct a time-activity curve and to measure blood glucose. Beginning 30 min after the 18 FDG infusion, three interleaved sets of 10 min emission scans were acquired. This represented the end of the data collection for the placebo state. Another attenuation correction scan was performed (transmission plus residual emission), and the subject was informed that the second scan was about to start. mCPP, 0.08 mg/kg, in 20 cc of normal saline was infused over 90 sec intravenously, followed by 5 mCi of 18 FDG in 9 cc of normal saline over 60 sec. Thirty minutes after the second 18 FDG infusion, a second set of three 10 min emission scans was acquired. Then the subjects' infusion lines were removed, and the subjects voided to limit radiation exposure to the urinary bladder.
In addition to the PET brain images, all but one of the alcoholics and all but three of the healthy volunteers had magnetic resonance image (MRI) brain scans. All scans were read as normal by National Institutes of Health Clinical Center radiologists. Eleven subjects had full volumetric coronal (128 slice) scans acquired on a GE-Signa 1.5 Tesla scanner. The remaining subjects were scanned on a 0.5 Tesla scanner.
Blood samples for measurement of ACTH and prolactin were drawn immediately before placebo administration and 30 and 60 min after placebo administration. Blood also was sampled at six consecutive 10 min intervals after the mCPP infusion. Blood samples for endocrine measures were placed on ice immediately and centrifuged within 3 hr of collection; plasma was separated and stored at Ϫ70°C. The concentrations of ACTH and prolactin were determined by Hazleton Laboratories (Vienna, VA) via radioimmunoassay. The effects of mCPP on ACTH and prolactin were evaluated by first performing a repeated ANOVA on the neuroendocrine data from the baseline and two samples after placebo but before mCPP administration. This tested for the effects of placebo on ACTH and prolactin release. Then a repeated ANOVA covarying for ACTH and prolactin concentrations (ANCOVA) immediately preceding mCPP administration (60 min after placebo; see Figs. 1, 2) was performed to examine the effects of mCPP administration on ACTH and prolactin release.
Self-ratings were obtained from the subjects while they were inside the scanner immediately before the placebo infusion, 60 min after the placebo infusion, and 60 min after the mCPP infusion. The rating instruments were read to the subjects, and they were instructed to respond verbally on the basis of their experience over the preceding 60 min. The self-ratings consisted of a 0 -6 rating in response to the following questions: (1) How much did you crave a drink? (2) How drunk or intoxicated did you feel? (3) How likely would you be to take a drink of alcohol? (4) How much did you feel like you were going through alcohol withdrawal? (5) How panicky or frightened did you feel?
Image analysis. There are two parts to the analysis of the paired PET scan data obtained in this study. First, all of the image data were mapped onto a standard three-dimensional (3-D) brain template. Spatial registration was done by a fully automated 3-D, whole-brain-matching algorithm that used global spatial transformations of the original brain slices to map them into a standard size and shape Unser et al., 1995) . Then the 3-D-matched whole-brain image slices were used in a spatial analysis of regional change in brain glucose utilization after mCPP. The theory of Gaussian random field as recently extended by Worsley et al. (1992) was used for this analysis. Both the original observed and relative regional CMRglc were examined. Relative CMRglc was determined by subtracting the mean CMRglc for the entire brain from the observed CMRglc of each pixel. In addition, differences in mean CMRglc of the entire brain between alcoholics and healthy volunteers or between placebo and mCPP infusions in each subject group were examined with independent or paired t tests, respectively.
Spatial registration. Images from one of the healthy volunteers, who had undergone a volumetric 1.5 Tesla MRI scan and whose brain image was qualitatively assessed to be regularly shaped, were chosen as the standard brain template. Earlier work by our group demonstrated that there is significant movement of subjects' heads between periods of PET data acquisition . The movement occurs even between acquisition of the three sets of seven slices, which constitute a single full head scan. For this reason the three sets of interleaved brain slice images of each subject were rotated rigidly and translated into a common coordinate system established by the first set. Then, using the most general global 3-D affine transformations (see below), we registered the images to the standard brain image. Because the experimental procedure consisted of two sequential image acquisitions, each subject's postdrug images were registered to the predrug images.
Registration was accomplished by determining the required 3-D transformation parameters (12 in the general case) such that the average squared difference between the pixel intensities of the two volumes to be registered was minimized. This technique is fully automatic, effectively exploits all the available information content of the data, and has maximum likelihood under the Gaussian white noise assumption. The search space for the transformation parameters was the continuous set of nonsingular 3-D affine transformations, including translation, rotation, and anisotropic scaling. However, for within-subject (e.g., postdrug to predrug image) registration the parameters were restricted to translation and rotation only. Because continuous search-space subpixel sampling was required, the procedure resampled the slice data with the use of a cubic spline model that interpolates the volume. The registration method was iterative in the sense that an initial set of parameter estimates was refined until convergence was reached. To accelerate convergence, we used a coarse-to-fine image resolution strategy that propagated the parameter estimates obtained at a coarse resolution as initial conditions for the next finer resolution level. Within each resolution level a modification of the Marquardt-Levenberg algorithm for nonlinear least-square optimizations was used to obtain the respective parameter estimates (Marquardt, 1963) . Then the registered images were resliced by cubic spline interpolation into a set of standard axial image planes. Because of the rotation and translation required for registration and the variation of subject head sizes and head positioning in the scanner, some of the upper or lower axial slices in some subjects were incomplete or outside the slice range of the reference set. Therefore, a subset of 14 contiguous axial slices, which contained complete data from each subject, were chosen for statistical analyses.
Gaussian random field analysis. Two primary statistical analyses of the data were performed to identify localized regions of change. The first analysis examined changes in the observed (often referred to as the "absolute" value) value of brain glucose utilization induced by mCPP. This analysis was performed separately for alcoholic and healthy volunteers. The second statistical analysis compared the changes in observed brain glucose utilization produced by mCPP between groups of healthy volunteer and alcoholic subjects. Because PET data often are "normalized" before they are analyzed statistically, we also analyzed an adjusted relative CMRglc for each pixel. The relative pixel glucose utilization value was determined by subtracting the mean CMRglc for the entire brain from the value of each pixel. This was done separately for the preand post-mCPP scans.
To examine the effect of mCPP on brain glucose utilization, we constructed differences at each of the 14 slice levels for each subject between the 3-D registered images after drug administration, p jiD (x), and after placebo administration, p jiBL (x),
where (x) ϭ (x,y) is the two-dimensional coordinate (or pixel) position at each slice level, j represents the groups (alcoholics ϭ 2, healthy volunteers ϭ 1), and i is used as the subject index. Assuming a stationary Gaussian model for the noise in each subject (Worsley et al., 1992) , the difference image can be represented by:
where j (x) is the group-averaged image and the noise for each subject is represented by the spatially averaged (over the subregion of brain chosen for analysis) SD, j , times a Gaussian random variable, ⑀ i (x), with zero expectation and unit variance. To increase the power of this model, insure Gaussian-distributed noise, and compensate for localized spatial misregistration, we applied additional smoothing to these images. This consisted of a two-dimensional Gaussian filter, with FWHM of 7 mm in both the x and y coordinates, applied to each slice for each subject. An estimate of the difference image for each group was calculated as follows:
where N j is the number of subjects in each group. Next we defined a z-map statistical image as:
which is approximately a Gaussian random field with zero expectation and unit variance. This image was used to test whether there were any regions of localized mCPP-induced activation for either the group of alcoholics or the group of healthy volunteers. The statistical comparison of the two-group difference, that is whether the drug response in alcoholics was different from that in the healthy volunteers, was performed by calculating a z-map statistical image constructed from the difference of mean difference images as follows:
where:
Three z-map images (within-group change after administration of mCPP in alcoholics and healthy volunteers and between-group differences of mCPP-induced change for alcoholics and healthy volunteers) were evaluated for localized statistical significance. This was accomplished by applying the theory of Gaussian random fields to adjust for multiple testing (associated with testing each image pixel) and to establish a threshold for activation on the basis of the number of resolution pixels or resels:
where FWHM in each dimension was taken as the square root of the sum of squares of the observed FWHM of the PET scanner and the applied Gaussian smoothing function. In the case of the within-group test, the area was restricted at each slice level to include only the region within the standard brain. The activation threshold, t (Adler, 1981; Worsley et al., 1992) , was selected such that the probability of the random field z exceeding t, as given by:
was smaller than ␣ ϭ 0.08 divided by 14, which provided a Bonferroni correction for testing each of the 14 slices chosen for analyses. This gave an ␣ level per slice of 0.0057. Before the testing of the z-map image, a test was performed to see whether the variance was homogenous within each slice, with an ␣ ϭ 0.0014 per slice (0.02 divided by 14). Note that with this selection of the ␣ levels for the two tests the experiment-wise ␣ level is 0.08 ϩ 0.02 ϭ 0.10. Finally, on the basis of examination of the entire brain response to mCPP in both alcoholics and healthy volunteers, two areas were tested for differences in drug responses between groups. One of these areas was a subset of the brain containing the basal ganglia and thalamus. The other area contained the orbital frontal region only.
Spatial registration of PET to MRI image. Using a modified version of an algorithm (Besel and McKay, 1992) developed to calculate the 3-D transformation parameters necessary to match the two surfaces spatially, we registered the standard PET brain image to an MRI brain image acquired for the same subject. This algorithm used the midsagittal fissure, the inferior surfaces of the frontal and occipital lobes, the outer table of the skull from a volumetric MRI scan, and the same landmarks identified in the PET emission and transmission (for the outer table of the skull) brain images. Although this method allows for regular 3-D affine transformation, only translation and rotation transformations were allowed, because the scaling parameters could be determined with sufficient accuracy from the scanner pixel dimensions. This method is based on an iterative closest point algorithm and, once the surfaces have been chosen, uses a set of points and the corresponding points with the closest distance located on the matching surface for each iteration. Homologous points on the two surfaces are found automatically by the algorithm. Then the transformation parameters are estimated from the displacement vectors of these nearest points. Table 2 shows the characteristics of the alcoholic and control subjects and compares the alcoholics by subtype. The alcoholics and healthy volunteers did not differ significantly in age, height, or weight. The type I alcoholics were significantly older than the type II alcoholics (t test for independent samples, t (16) ϭ Ϫ2.61, p Ͻ 0.02). In addition, the type II alcoholics had greater estimates of lifetime alcohol consumption and higher MAST scores. However, the differences in lifetime alcohol consumption and MAST scores did not reach significance because of the high variance of these measures in our sample of type II alcoholics. Despite their difference in age, type I and type II alcoholics did not differ in the number of years of heavy drinking.
RESULTS

Subject characteristics
Subjective ratings
After the mCPP infusion there were no significant differences between alcoholics and controls on any of the subjective ratings of sensations related to alcohol use. None of the subjects, neither alcoholics nor controls, reported any experience of "craving" for alcohol during the study. All ratings on the "craving" question, at all times, were 0. Six subjects (3 alcoholics and 3 controls) reported some degree of feeling "drunk" after mCPP. Three subjects (2 alcoholics and 1 control) reported that they were likely to take a drink (if one were offered) after mCPP.
Because all subjects rated panicky feelings as 0 at baseline, we evaluated the effects of mCPP on panicky feelings with the Wilcoxon matched pairs test. mCPP produced a significant increase in ratings of feeling panicky among the healthy volunteers (Z ϭ 2.36, p Ͻ 0.02). Among the entire group of alcoholic subjects there was a trend for mCPP to increase ratings of panic (Z ϭ 1.78, p Ͻ 0.10). When type I and type II alcoholics were examined separately, type II alcoholics showed a significant increase in panicky feelings (Z ϭ 2.02, p Ͻ 0.05), whereas type I alcoholics showed no significant effect.
Neuroendocrine effects of mCPP
Repeated measures ANOVA revealed that placebo administration had no significant effect on ACTH or prolactin concentrations among either the alcoholics or healthy volunteers.
The ability of mCPP to increase ACTH was blunted significantly in alcoholics as compared with healthy volunteers (repeated measure ANCOVA group effect, F (1,27) ϭ 4.54, p Ͻ 0.05) (Fig.  1) . The interaction between group (healthy volunteers vs alcoholics) and time after mCPP infusion was also significant (F (5,140) ϭ 3.40, p Ͻ 0.01), indicating different time courses for responses. In contrast, there were no significant differences in mCPP effects on Although healthy volunteers had a larger prolactin response to mCPP, the differences in responses between alcoholics and healthy volunteers did not reach statistical significance (repeated measures ANCOVA group effect, F (1,26) ϭ 1.95, p ϭ 0.17; group ϫ time interaction, F (5,140) ϭ 0.31, p ϭ 0.90) (Fig. 2) . Similarly, there were no significant differences in prolactin responses between type I and type II alcoholics (repeated measure ANCOVA group effect, F (1,26) ϭ 1.95, p ϭ 0.17; group ϫ time interaction, F (5,140) ϭ 0.31, p ϭ 0.90). Global brain glucose utilization.
Global brain glucose utilization
After the placebo infusion, CMRglc measured for the entire brain did not differ significantly between the alcoholics and healthy volunteers. Global CMRglc for the healthy volunteers after the placebo infusion was 7.69 Ϯ 2.98 mg /min per 100 gm of tissue (all values reported as mean Ϯ SD); for the alcoholic subjects it was 7.00 Ϯ 0.69 mg /min per 100 gm of tissue. The CMRglc of the entire brain increased in both healthy volunteers and alcoholics after mCPP infusion. The increase in CMRglc after mCPP was 0.74 Ϯ 1.00 mg /min per 100 gm of tissue for the healthy volunteers and 0.35 Ϯ 0.21 mg /min per 100 gm of tissue for the alcoholic subjects. Both of these increases were significant when tested against the null hypothesis of no increase in global CMRglc (t (7) ϭ 2.36, p Ͻ 0.05 for healthy volunteers and t (10) ϭ 3.24, p Ͻ 0.05 for alcoholics). However, the size of the increase in wholebrain CMRglc did not differ significantly between the alcoholics and healthy volunteers (t test for independent groups with unequal variance; t (14) ϭ 1.26, n.s.).
Differences in regional brain glucose utilization after placebo: observed (absolute) and relative values
After placebo administration Gaussian random field analysis of the observed glucose utilization values detected no regions of significantly different CMRglc between healthy volunteers and alcoholics. Similarly, there were no significant differences between alcoholics and healthy volunteers in the Gaussian random field analysis of relative glucose utilization.
Change in regional brain glucose utilization after mCPP: observed (absolute) values
Gaussian random field analysis of regional CMRglc after mCPP infusion revealed that pixels in the PET images of both alcoholics and healthy volunteers showed significant increases in observed regional CMRglc. Neither group demonstrated significant decreases anywhere in the brain after mCPP infusion. Although both alcoholics and healthy volunteers increased regional CMRglc after mCPP, the pattern of increase was quite different between the two groups.
Among healthy volunteers mCPP administration led to significant increases in brain glucose metabolism in the following brain regions: the right medial and posterior orbital gyrus, the cerebellar hemispheres bilaterally, the left nucleus accumbens, the head of the caudate nucleus bilaterally, the anterior and medial-dorsal nuclei of the thalamus bilaterally, the middle frontal gyrus (left greater than right), the left insular cortex, the left middle temporal gyrus, and the posterior cingulate gyrus.
Among alcoholic subjects mCPP administration led to significant increases in brain glucose metabolism in larger areas of the cerebellum and posterior cingulate than it did in healthy volunteers, but, compared with the healthy volunteers, alcoholics showed a smaller area of significant mCPP-induced activation in the thalamus, almost no activation in the orbital cortices, and no activation at all in the head of the caudate nucleus. Furthermore, unlike healthy volunteer subjects, alcoholic subjects failed to show any significant increases in CMRglc in the middle frontal gyrus, although they did show small areas of activation in the insular cortex and inferior frontal gyrus on the right.
A detailed picture of the effects of mCPP can be seen in Figures  3-8 , which contrast mCPP-induced changes in CMRglc in healthy volunteer and alcoholic subjects.
mCPP-induced changes in CMRglc were examined separately for type I and type II alcoholics. The patterns observed in the two subgroups were very similar to each other and to the entire group of alcoholics. Both showed little, if any, activation in the orbital or prefrontal cortices and much less activation in basal ganglia and thalamus than was seen among healthy volunteers.
Regional brain glucose utilization change after mCPP: relative values
The anatomical distribution of significant increases in relative CMRglc after mCPP infusion among healthy volunteers was very similar to that seen with the use of observed CMRglc values; however, the total number of significant pixels was reduced by ϳ50%. Despite the overall reduction, three brain regions of the healthy volunteers showed nearly as many significantly activated relative CMRglc pixels as were present when change in absolute CMRglc was examined. These regions were the right medial orbital gyrus, the left nucleus accumbens, and the medial-dorsal nuclei of the thalamus bilaterally. Significant increases in relative CMRglc also were observed in a small area of the right cerebellar hemisphere, the left middle frontal gyrus, the right head of the caudate nucleus, and the posterior cingulate. However, there were many fewer significantly activated pixels in these regions than when the effect of mCPP on absolute CMRglc was examined.
Among alcoholic subjects even fewer relative CMRglc pixels showed a significant increase after mCPP infusion than among the healthy volunteers. The largest area of increase in relative CMRglc among the alcoholic subjects occurred in the right cerebellar hemisphere. Small regions of significantly increased relative CMRglc were also present in the medial-dorsal nuclei of the thalamus bilaterally and the right inferior frontal gyrus. Only one pixel was increased significantly in the left nucleus accumbens.
Differences between alcoholic and healthy volunteers and between type I and type II alcoholics
After mCPP infusion Gaussian random field analysis comparing the change in observed CMRglc between alcoholic and healthy volunteers demonstrated an area of significantly greater increase in brain glucose utilization among the healthy volunteers. This region of difference was restricted to the anterior thalamus, right greater than left. An identical analysis performed by using relative CMRglc showed that healthy volunteers had significantly greater increase in glucose utilization after mCPP infusion restricted to a small area of the left nucleus accumbens.
After placebo infusion Gaussian random field analysis of regional CMRglc showed no significant differences between type I and type II alcoholics in either absolute or relative glucose utilization. Similarly, after mCPP infusion there were no significant differences in the mCPP-induced change in CMRglc detected between the subtypes of alcoholics. However, there were several circumscribed areas in the superior prefrontal cortex of type II alcoholics that had considerably (but not significantly) lower slices from an MRI image of the brain of the healthy subject, which was used as a template onto which each subject's PET data were transformed. These slices correspond to the original PET slices collected parallel to the cantho-meatal lines and separated by 3.6 mm. Superimposed in red on these MRI images are the regions that showed a significant increase in CMRglc after mCPP administration. The brain response of healthy volunteers is shown on the left and that of alcoholics on the right. To compare the magnitude of the regional mCPP response between alcoholics and healthy volunteers, we summed regions of significantly activated contiguous pixels (both within a slice and across adjacent slices) and calculated the mean CMRglc before and after mCPP. From these values we determined a percentage increase in glucose utilization after mCPP. The volume of significant increase was determined by using the subject group (alcoholics or healthy volunteers) that showed the largest volume of significant activation for each brain region examined. In most brain regions the healthy volunteers had larger volumes of significant increase than the alcoholics, exceptions being the right and left cerebellum and the left posterior cingulate. No statistical comparison is made using these values because they are derived from a post hoc analysis of data already examined for statistical significance by the Gaussian random field method. Figure 3 shows two contiguous slices through the orbital cortex. Among the healthy volunteers an area of significantly increased glucose utilization after mCPP can be seen in the right orbital cortex of both slices. The mean increase in CMRglc in significantly activated right orbital cortex was 27.6 Ϯ 20.1% (mean Ϯ SD). Among alcoholics this same region showed a mean increase of 7.5 Ϯ 11.7%. A different pattern occurs in the cerebellum, where alcoholics show a larger extent of significantly increased CMRglc. In the right cerebellum alcoholics increased glucose utilization by 16.3 Ϯ 9.9%, whereas healthy volunteers increased by 15.8 Ϯ 17.2%. In the left cerebellum alcoholics increased by 16.7 Ϯ 11.1%, and healthy volunteers increased by 13.1 Ϯ 17.9%. Figure 4 . These slices through the superior aspects of the orbital cortex and cerebellum show three regions of significant activation in the healthy volunteers: one in the inferior temporal lobe on the left and bilateral regions in lateral orbital gyrus. Because these regions were relatively small and did not appear on contiguous slices, their mean CMRglc was not calculated. The area of significant activation seen in the right cerebellar hemisphere of the alcoholics was included in the calculation of mean CMRglc for the right cerebellar region described in Figure 3. change in CMRglc than observed in type I alcoholics. A power analysis of these data indicates that our sample size is too small to be able to detect confidently any significant CMRglc differences between type I and type II alcoholics in superior prefrontal cortex. A sample approximately twice as large as the current one would be required to obtain a power of 0.80 for detecting a difference of 1 SD.
Correlations between changes in glucose utilization, mood, prolactin, and ACTH after mCPP
The mean change in CMRglc was determined for the contiguous, significantly activated pixels in 14 brain regions as described and illustrated in Figures 3-8 . The brain regions used were right orbital cortex, right and left cerebellar hemispheres, left nucleus accumbens, left middle frontal gyrus (inferior portion), left and right head of the caudate nucleus, left and right ventral thalamus, left and right dorsal thalamus, left and right middle frontal gyrus (superior portion), and left posterior cingulate. Pearson correlations were computed to examine the relationships between the change in CMRglc in each of these brain regions induced by mCPP and the change in self-rated feelings of panic, as well as the maximum change in prolactin and ACTH after mCPP.
The most consistently high correlations between mCPPinduced change in regional CMRglc and neuroendocrine or emotional effects of mCPP occurred in the right orbital cortex (Fig. 9) , where the correlations with change in CMRglc were as follows: ACTH, r ϭ 0.46, p Ͻ 0.02; prolactin, r ϭ 0.56, p Ͻ 0.001; feelings of panic, r ϭ 0.47, p Ͻ 0.02. When adjusted for multiple comparisons, only the correlation between change in glucose utilization and prolactin was significant. Significant correlations between prolactin and change in CMRglc also were present in three additional brain regions: the left inferior middle frontal gyrus, r ϭ 0.55, p Ͻ 0.002; the right head of the caudate nucleus, r ϭ 0.57, p Ͻ 0.001; and the left dorsal thalamus, r ϭ 0.55, p Ͻ 0.002. High (but not significant correlations when adjusted for multiple testing) also were present between feelings of panic and change in glucose utilization after mCPP in the left inferior middle frontal gyrus, r ϭ 0.45, p Ͻ 0.03 and the right dorsal thalamus, r ϭ 0.41, p Ͻ 0.04. Other than the right orbital cortex, only one other brain region showed a high (but not significant) correlation with ACTH. The change in CMRglc in the left dorsal thalamus correlated with the ACTH response, r ϭ 0.36, p Ͻ 0.05. No other correlations achieved the level of an uncorrected p Ͻ 0.05.
DISCUSSION
mCPP failed to induce "craving" for alcohol or any of the subjective experiences associated with alcohol use. Because both we and others have observed mCPP-induced alcohol-related subjective effects in other settings, their absence in this study likely is attributable to the influence of the PET environment. Lying inside a large complex machine with one's head restrained by a thermoplastic mask, cannulas in an artery of one arm and a vein of the other while physicians inject two experimental drugs, one of which is radioactive, is probably even less conducive to experiencing subjective alcohol-like effects than the usual clinical research setting. In the corresponding regions of the striatum the alcoholics show no significant increase in glucose uptake (increase in CMRglc: right caudate, 8.2 Ϯ 18.5%; left caudate, 9.3 Ϯ 23.8%). Both healthy volunteers and alcoholics have regions of significant increase in the ventral thalamus (for healthy volunteers the increase in CMRglc of the right ventral thalamus was 10.5 Ϯ 32.5% and in the left ventral thalamus, 15.6 Ϯ 22.8%; for alcoholics the increase in CMRglc of right ventral thalamus was 52.6 Ϯ 47.7% and in the left ventral thalamus, 22.1 Ϯ 15.6%). There is also an area of significantly increased glucose utilization in the right opercular cortex of the alcoholics, which is not present among the healthy volunteers.
Although mCPP did not induce different subjective effects in alcoholics as compared with controls, it did induce different patterns of brain glucose utilization, and consistent with previous studies, the ACTH response to mCPP was blunted among alcoholics (Krystal et al., 1994; George et al., 1997) . Both healthy volunteers and alcoholics showed significant increases in absolute CMRglc after mCPP infusion; however, alcoholics showed less regional activation, particularly in the frontal lobes. There has been only one study of the effects of mCPP on brain glucose uptake in rodents (Freo et al., 1990) , and this study found a reduction of CMRglc. However, these results should not be compared directly with our findings, because the dose of mCPP used in the rodent study was Ͼ30 times greater than the dose we used, and it resulted in clear behavioral impairment.
In our study glucose utilization among healthy volunteers increased primarily in the orbital cortex, prefrontal cortex, and subcortical components of the basal ganglia-thalamocortical circuit associated with these cortical regions: namely, the nucleus accumbens, the head of the caudate nucleus, and the anterior and medial-dorsal thalamus. In contrast, alcoholics showed virtually no increase in orbital and prefrontal cortices, and they failed to increase CMRglc as much as controls did in the nucleus accumbens, the head of the caudate nucleus, and the anterior and medial-dorsal thalamus. There were two brain regions in which the alcoholics showed greater increase in glucose utilization than healthy volunteers: the cerebellar hemispheres and the posterior cingulate cortex.
In healthy volunteers mCPP appears to increase significantly the CMRglc in brain regions that are almost exclusively part of basal ganglia-thalamocortical circuits. On the basis of known functional neuroanatomy (Alexander et al., 1986) , there seem to be two distinct basal ganglia-thalamocortical circuits activated by mCPP. One is a circuit involving orbital cortex, anterior and medial-dorsal thalamus, and ventral striatum, including the nucleus accumbens. The other circuit connects prefrontal cortex, medial-dorsal thalamus, and dorsal striatum. Five basal ganglia-thalamocortical circuits have been described in the brains of nonhuman primates (including the two mentioned above), and it is likely that more are present in the human brain (Alexander et al., 1986) . In general, these circuits connect several functionally related areas of cortex with the striatum, which processes cortical information, sends it on to the globus pallidus / substantia nigra reticulata, which in turn projects to the thalamus where the information is combined again with information from the related cortical areas, and finally is sent back to one of the cortical regions. The cortical region, which receives the output of the thalamus, is never a sensory region but always an area in the frontal lobes involved in motor, emotional, or cognitive behavior.
Given this anatomy, it is not surprising that several workers have suggested that these circuits are involved in the sequential selection of one output from among several competing potential responses (Barker, 1988; Kropotov et al., 1992; Houk and Wise, 1995) and that these circuits may be particularly important in the inhibition of common responses in contexts in which the usual response is not optimally adaptive (Henik et al., 1993; Marsden and Obeso, 1994) . The specific function of each basal gangliathalamocortical circuit depends on the part of the frontal cortex it serves. Thus the circuit that includes the orbital cortex may regulate and monitor emotional and motivational states, whereas the circuit that includes the prefrontal cortex may regulate processes involving working memory. On these slices through the dorsal thalamus healthy volunteers show significant increases in glucose uptake in several regions, including middle frontal gyrus bilaterally, dorsal thalamus bilaterally, and left insular cortex. In contrast, the alcoholics show only small regions of significant activation in right dorsal thalamus and right insula. The percentages of increase in CMRglc after mCPP are as follows: for healthy volunteers, right middle frontal gyrus ϭ 19.4 Ϯ 17.3%, left middle frontal gyrus ϭ 21.4 Ϯ 16.1%, right dorsal thalamus ϭ 30.8 Ϯ 30.3%, left dorsal thalamus ϭ 32.4 Ϯ 26.5%; for the alcoholics, right middle frontal gyrus ϭ 6.0 Ϯ 9.9%, left middle frontal gyrus ϭ 3.9 Ϯ 7.8%, right dorsal thalamus ϭ 13.3 Ϯ 12.0%, left dorsal thalamus ϭ 9.5 Ϯ 12.4%. Figure 8 . These slices begin at the top edge of the corpus callosum and demonstrate significant increases in CMRglc in the posterior cingulate of both the alcoholics (10.8 Ϯ 13.5%) and healthy volunteers (21.7 Ϯ 28.7%). Continuation of a region of activation in the left middle frontal gyrus of the healthy volunteers also can be seen.
How the failure of the alcoholics in our study to activate prefrontal and orbital basal ganglia-thalamocortical circuits in response to a serotonin agonist relates to the minimal cognitive dysfunction usually observed in relatively young alcoholics (Eckardt et al., 1995) , such as those in this study, is uncertain. However, even young cognitively intact alcoholics do show an impaired ability to use language to describe emotions (Kauhanen et al., 1992; Ziolkowski et al., 1995) . This deficit, known as alexithymia, reasonably could be considered as related to both left prefrontal and orbital frontal dysfunction. Does the hyporesponsivity in the prefrontal and orbital basal ganglia-thalamocortical circuits that we observed among alcoholics underlie alexithymia in alcoholism? Functional imaging studies specifically designed to investigate the relationship between language and emotion will be needed to answer this question.
The distribution of brain regions activated by mCPP in healthy volunteers is similar to the patterns of activation produced by anxiogenic behavioral challenge studies in subjects with obsessivecompulsive disorder (OCD; Rauch et al., 1994; Breiter et al., 1996; Cottraux et al., 1996) . On the basis of a possible psycholog- Figure 9 . These three panels show the relationship between the change in CMRglc in the right orbital cortex induced by mCPP administration and (top to bottom) the change in self-rated feelings of panic, peak change in ACTH, and peak change in prolactin.
ical similarity between craving for alcohol and the compulsion to perform ritualized behaviors among individuals with OCD, Modell et al. (1990) proposed that the orbital frontal basal gangliathalamocortical circuit mediates the alcohol craving and the loss of control that are characteristic of alcoholism. However, in contrast to our results, Modell et al. hypothesized that increased activity in the orbital frontal basal ganglia-thalamocortical circuit would be associated with alcoholic loss of control. Because during the scans mCPP did not elicit the subjective experience of craving or loss of control, our results do not disprove the hypothesis that alcoholic craving and loss of control are associated with hyperfunction of the orbital frontal basal ganglia-thalamocortical circuit. However, we believe that our results are more consistent with an alternative hypothesis, namely that, rather than being hyperactive, the orbital frontal basal ganglia-thalamocortical circuit and the prefrontal basal ganglia-thalamocortical circuit, as well, are hyporesponsive among alcoholics. That is, drugs or behaviors that would either increase or decrease activity in these circuits among healthy volunteers produce a smaller change in the activity of these circuits among alcoholics.
In a recent PET study Volkow et al. (1993) reported decreased response to the CMRglc-lowering effect of lorazepam (a benzodiazepine functional GABA A receptor agonist) among early onset alcoholics, a population suggested to be characterized by low CSF 5-HIAA concentrations (Virkkunen and Linnoila, 1993) . Compared with control subjects, early onset alcoholics had significant attenuations of the benzodiazepine-induced reduction in CMRglc in three brain regions: the orbital frontal cortex, the basal ganglia, and the thalamus. Similarly, in a study of nonhuman primates we found that the animals with the lowest CSF 5-HIAA had the highest CMRglc in the same three brain regions, the orbital frontal cortex, the basal ganglia, and the thalamus (Doudet et al., 1995) . Because the animals in this study were anesthetized, we interpreted the negative correlation between CSF 5-HIAA and CMRglc in the orbital frontal basal ganglia-thalamocortical circuit as indicative of hyporesponsivity of this circuit among low CSF 5-HIAA monkeys.
If alcoholics have hyporesponsive orbital and prefrontal basal ganglia-thalamocortical circuits, what role does serotonin play in this hyporesponsivity? It is clear that the reduced response among alcoholics is not restricted exclusively to pharmacological interventions affecting serotonin receptors, because hyporesponsivity has been observed after GABA A agonists (Volkow et al., 1993; Doudet et al., 1995) . Although these results are incompatible with exclusive serotoninergic modulation of the responsivity of basal ganglia-thalamocortical circuits, the correlation between CSF 5-HIAA and CMRglc we found in monkeys suggests that reduced serotoninergic activity may be associated with this hyporesponsivity. Unfortunately, CSF was not available from the subjects in the current study, so we could not examine directly the relationship between CSF 5-HIAA and CMRglc among our subjects.
The most important limitation of this study is the failure of mCPP, when given to subjects in the PET scanner, to induce any of the subjective experiences associated with alcohol craving or use. The absence of induction of craving makes it impossible to say for certain how the metabolic changes induced by mCPP relate to alcohol craving. Another possible limitation of this study relates to the fact that each individual's PET data were transformed to fit a standard brain. Although this is the most commonly used technique for the analysis of PET data, it is possible that anatomical differences between healthy volunteers and alcoholics could have introduced artifactual differences. However, we believe that this is unlikely, because anatomical differences would affect both pre-and post-mCPP scans, and there were no differences between the groups when the pre-mCPP scans were compared. Nonetheless, future studies would benefit from having full volumetric MRI scan available from all subjects so that intrasubject registration of PET with MRI could allow unequivocal identification of specific brain regions to be compared across groups.
Despite these limitations our results demonstrate that, among healthy volunteers, mCPP activates orbital and prefrontal cortices, along with associated striatal and thalamic regions. These areas are much less activated by mCPP among alcoholics. Which receptors mCPP acts on to produce these activations is not known. However, mCPP possesses high affinity for the 5HT 2C receptors, and this receptor subtype is the most common serotonin receptor in the brain (Pompeiano et al., 1994; Wright et al., 1995) . It is found primarily in cortical and subcortical structures of the limbic system, although other receptor subtypes, most notably 5HT 2A , are also present in these regions. Of course in this study, as in any functional imaging study of drug response, it is impossible to say whether the activations observed result from drug effects directly on the structure activated or represent indirect effects from some other brain region.
